Minimization of polymerization shrinkage effects on composite resins by the control of irradiance during the photoactivation process High levels of shrinkage stress caused by volumetric variations during the activation process are one of the main problems in the practical application of composite resins. Objective: The aim of this study is to reduce the shrinkage stress and minimize the effects caused by composite resin volumetric variation due to the photopolymerization. In this way, this work proposes a systematic study to determine the optimal dimming function to be applied to light curing processes. 
INTRODUCTION
The composite resins emergence has provided higher aesthetic quality in dental restorations. However, the mechanical properties of the resins, especially the high levels of shrinkage stress caused by volumetric variations during the activation process, are the main problem in the practical application of these materials 2, 5 .
Despite the chemical advances in resins for the minimization of the polymerization shrinkage, this problem persists and can allow micro-infiltrations in the adhesive interface, which harm the restoration aesthetics and, in some extreme cases, favor the growth of bacteria due to marginal leakage 4 .
To achieve both efficiency and quality, various efforts have been made to reduce the effects of polymerization shrinkage. Current approaches include the improvement of the chemical composition of the resins, the photo-initiator molecules and the polymerization process catalysts 3, 11, 17 . However, studies have shown that the variation of some physical parameters can significantly change the resin shrinkage during the curing process, concluding that the radiant exitance (or emittance) of the curing device has a correlation with the volumetric contraction induction of photopolymerized composite resins 9, 15, 18 . It has been observed a variation of shrinkage stress when the composite is polymerized under different conditions of exposure to the luminous source, being that some studies showed that the irradiance modulation during the photoactivation process has an influence on the shrinkage stress modulus 10 .
Alternative light-activation protocols have been proposed to minimize the polymerization shrinkage effects 2,10, [17] [18] [19] . The soft-start techniques, for example, have been extensively studied. In this kind of photoactivation, the polymerization is started with low irradiance for a few seconds, followed by increased irradiance for the remaining period of light-activation.
This process advocated as an approach to reduce the shrinkage stress while maintaining proper degree of conversion (DC) of the composite . In addition, this type of study is limited to the functions of conventional light curing devices, which do not allow continuous variation of the irradiance during the activation.
Our hypothesis is that it can be possible to determine an optimal curve of irradiance variation during the photoactivation, which will promote the reduction of the shrinkage stress without affecting the cured composites DC.
Considering the above, this project proposes a systematic study to optimize the dimming function in light curing processes. The study was performed by a mathematical approach to determine an optimal function for the irradiance modulation at the time domain. This function was incorporated in a light curing unit, developed by our research group, which can control the irradiance according to a mathematical function. The effectiveness of the optimal function was evaluated by monitoring the polymerization shrinkage stress during the curing process. The quality of the resins polymerized by the proposed method was experimentally analyzed to determine the conversion degree of the monomers into polymers. The interface adhesion between the teeth and resins was analyzed by scanning electron microscopy (SEM).
Materials and methods
This work has three major stages of development: Thuringia, Germany).
Results
The monitoring of shrinkage stress showed the function of the conventional polymerization process (i.e., photoactivation with a constant luminous intensity of 1000 mW/cm 2 for 35 s of irradiation)
presented a logarithmic behavior, as illustrated in Figure 1(a) . The graph showed that the resins were under an intensive stress in the initial seconds of the polymerization process, followed by stabilization, where the stress tends to become constant. This behavior shows that the composite contraction occurs at the beginning of the polymerization process.
The experimental data from the shrinkage stress can be fitted by a first order exponential decay function: (2) in which the determination coefficient is R 2 =0,99.
The mathematical optimization resulted in a minimization function with exponential behavior:
where the parameters a, b and i 0 can be adjusted to attempt the manufacturers' recommendations for the (Table 1) , it can be concluded that the exponential method promoted a significant reduction of the shrinkage stress (~36.88% ±6.56) for all analyzed composites brand/models.
The result from T-test applied on DC values showed
there are no significant differences comparing the conventional and exponential photoactivation methods.
These results are also synthesized in Table 1 . Figure 3 shows the SEM analyses for all resins in this study, comparing the two photoactivation methods.
The SEM analyses showed that the reduction of the shrinkage stress by the exponential method promoted the reduction of cracks at the resin/tooth interface for the Charisma and Ultrafill resins. In the other cases, i.e., for the Z250, Z350 and NT Premium composites, the stress reduction was able to eliminate adhesion failures. In the supplementary files, a SEM with lower magnification is shown, where it is observed that the elimination of cracks occurs throughout the extension of the adhesion interface between the tooth and the resin.
Discussion
The results from the monitoring shrinkage stress In this context, the DC results showed there are no statistically significant differences for the ratio between residual monomers for conventional and exponential photoactivation techniques. Although this result is, by itself, very important, we should consider that the DC might be associated with the hardness of the cured resin composite, since there is a high correlation between the two methods 7, 18 . From this, it can be inferred that mechanical properties of the composite resins photoactivated by the proposed method are 
Conclusions
The results obtained in this study showed that the control of irradiance during the photoactivation process by an optimized mathematical function is more efficient than the conventional technique for reducing the effects of polymerization shrinkage in composite resins. According to the DC results, the proposed photoactivation method does not cause damage to the cured resin, which is effective in converting monomers into polymers at the same level as for the conventional method. By the SEM analyses, we concluded that the exponential photoactivation method can reduce or eliminate the adhesion failure between the composite and the tooth.
